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■ INTRODUCTION
Food processing must become more sustainable and energyefficient, use nontoxic solvent routes, and make efficient use of raw materials, leading to more natural ingredients and products. On the way toward no-waste processes, the isolation of valuable products from side streams has gained a lot of interest. It is important to consider several factors in this context. While the isolation of valuable components from a relatively low value stream appears attractive, the requirement for sophisticated extraction and purification technologies may reduce the profit margin and lead to an uneconomic outcome. 1 Additionally, the extra process steps for the isolation of the valuable components should meet modern objectives on good resource use and energy efficiency, and the use of natural, less toxic ingredients and processing aids. To comply with the combination of these constraints, a systematic approach toward such processes is necessary. Here we demonstrate the potential of a process synthesis for the isolation of valuable components from a side stream of soy processing, namely okara. Okara can be considered as a model material for other byproduct streams such as brewer's spent grain or pomace, in which minor components have economical potential as well.
Process synthesis can be described as the activity of the engineer of conceptually designing a process and/or process plant, in other words, building the flow sheet. Traditionally, the term is coming from the chemical engineering area, describing the design of entire chemical process plants. Therefore, process synthesis methodologies, aiming at a systematic approach of designing the process, were developed mainly for chemical products, until the similarities between chemical consumer goods and structured food products were recognized. 2−6 The latter explains the growing interest of the food industry to translate conceptual design methodologies from the chemical sector into the food sector. However, the process synthesis methodologies have to be updated concomitantly because of the dynamics within the industry, such as a shifting product portfolio, new economic situations, new regulations, and sustainability concerns. 7−10 The main challenges for the food industry are described by Meeuse 11 and Bongers and AlmeidaRivera. 12 The complex matrix of a typical food material plus the manifold interactions between food components complicates the systematic synthesis of processes, because of the difficulty of quantitatively capturing those aspects in mathematical models among others. Consequently, a product-driven process synthesis methodology was developed for the design of structured products, which was successfully applied by Gupta and Bongers 13 for the redesign of a Bouillon cube production process. However, until this moment, this approach has not yet been applied for the design of processes aimed at utilization of side streams.
In this paper, we extend the concept of the product-driven process synthesis methodology to the isolation of valuable components from a side stream, which in essence means the design of a separation and isolation process. In previous examples on product assembly, the challenges were to influence the interaction between the ingredients while processing and to predict the resulting texture and other properties of the food product according to the consumer's liking. The challenges faced in the development of a separation process are discussed by Jankowiak et al. 14 There, it was demonstrated that the effect of an extra processing step on the outlet streams is also difficult to predict, again due to the behavior of interacting components and the thermodynamic and kinetic behavior of the system. A further challenge arises from the fact that additional components, such as extraction solvents, have to be introduced to perform a certain separation that often introduces new impurities and may require additional processing steps.
For this study, we used okara as a model material. Okara is a byproduct of soymilk production, which contains mainly fibers, proteins, and fat. 14, 15 Among the minor components, okara contains isoflavones. 16 They belong to a group of polyphenols, which reportedly play an important role in human health, 17 and which therefore have considerable value.
■ THEORY Process Synthesis Methodology. To facilitate the process development, we adapted a process synthesis methodology based on Bongers and Almeida-Rivera. 12 These authors suggested a new methodology combining product and process synthesis based on a process systems engineering strategy. Their methodology is based on an approach of Douglas, 18, 19 which simplifies the complexity of the problem by dividing the problem into several hierarchically ordered levels. Starting with very generic definitions and network structures, more detailed and local decisions are required at each level, which allows the user to go strategically from one level to the next one. As knowledge about the system increases, the designer can fill in more detail at each level, and with this go from generic transformations and a very rough network of physical or chemical transformations all the way toward a complete feasible flow sheet alternative. An important component of this methodology is aimed at the generation and screening of alternative flow sheets. Conceptualization retards the fixation of a flow sheet, which reduces the risks of irreversible and suboptimal decisions during the design of the process.
The methodology uses a stepwise design method over several levels, which are summarized in Table 1 and discussed in more detail in Bongers and Almeida-Rivera. 12 The first three levels (0−2) deal mainly with marketing questions, the business context, the project background and the needs of the consumer, which are translated into product properties. In our case of the isolation of valuable minor components, the focus is at the levels of "input−output", after which "task networks", and "mechanisms" can be further derived. When the input and output level is defined, fundamental task networks are listed and evaluated based on heuristics, literature, and experimental work. In the following level, mechanisms are selected that can fulfill the defined tasks. At this stage, it should be pointed out that "tasks" and mechanisms should not be mistaken for unit operations, which, if selected, would lead the designer in an already defined direction. The repeated revision of levels defines the process in more depth, leaving the equipment selection and design to the final step. The methodology combines conventional product design and process design into product-oriented process syntheses as it has been the trend within the last two decades. The Case Study Okara. Okara a byproduct from soymilk production, contains about 80% moisture. The dry matter of okara consists of insoluble fiber (with high water binding capacity) and other insoluble and soluble components such as proteins and sugars. Currently, okara is used as animal feed or discarded as landfill, which will become unacceptable from an economic and environmental point of view due to an increased scarcity of resources, and more and more stringent environmental regulations. Consequently, okara has to be upgraded for use as food or nonfood applications, or to be separated into pure or enriched fractions of valuable components. The main valuable components in okara are isoflavones, which belong to a large group of polyphenols. Twelve main chemical forms of the isoflavones are identified in soy and okara, classified in four groups, aglycones, glucosides, acetyl-glucosides, and malonylglucosides. 23 In okara, the main groups present are the aglycones, glucosides, and malonyl-glucosides and are thus the focus of this study. 16 The glycosidic forms are the dominant isoflavone form in the raw material, the soybeans, and can be transformed into the other forms under certain processing conditions. 24, 25 The isoflavones' structure and an estimation about their hydrophobicity by the logD value (www. chemicalize.org) 26 are shown in Table 2 . Extraction of the isoflavones requires a novel separation process with minimal environmental impact. Unfortunately, the design of this process is hindered by the lack of clarity about the embedding of the isoflavones in the okara matrix. Theoretically, the isoflavones can be bound in three different manners: (1) isoflavones are dissolved in the water that is bound by the matrix; (2) isoflavones form (soluble) complexes with the soluble proteins; (3) isoflavones are bound to the (insoluble) biopolymer matrix.
It is even possible that isoflavones are present in all three forms, because isoflavones consist of a mixture of components with different properties (e.g., hydrophobicity).
The recovery of valuable compounds from food byproducts is typically conducted in five distinctive stages. Depending on the desired component, the stages involve a macroscopic pretreatment to prepare the matrix for the following steps, a first separation of micro-and macromolecules, for example, by ultrafiltration or alcohol precipitation, extraction with solvents, purification with, for example, affinity-based processes, and the final formation of the product (e.g., by freeze-drying). 27 Therefore, in the case of the recovery of isoflavones from okara, one would suggestin a traditional mannerthe following route for separation: First, a solvent would be selected to further solubilize the isoflavones, but the high moisture content of okara limits the freedom in solvent selection, or leads to the requirement of high liquid-to-solid ratios. To increase the freedom for solvent selection, okara can be dried, after which the solvent extraction can be performed using the optimal solvent. Then the solid components would be removed through filtration or centrifugation, leading to a clear solution with soluble components only. Finally, the components would be further purified, most likely with an affinitybased process (e.g., with adsorbents or liquid−liquid extraction). A consequence of this design is the use of large solvent quantities leading to drying and recycling of large liquid streams. Most likely, alternative processes can be designed that are more efficient in energy and solvent use. In this paper, we describe how a process synthesis methodology can be used to derive other alternatives and how this methodology interacts with the input from experiments. 
■ MATERIALS AND METHODS
For most of the experimental and theoretical work accompanying the process synthesis described in this paper, we will refer to our previous studies. 14,16,28−30 With the experimental work described in this section, we tested the simplified approach for a process with combined tasks.
Okara Production. For experimental data, okara was produced with an ASC50 soymilk system (ProSoya Inc., Ottawa, Canada) as described by Jankowiak et al. 29 One-Step Separation. For lab-scale experiments, 160 g of crude okara with a moisture content of 78% was mixed with water in a ratio of 20 g of water to 1 g of dry matter (okara). The mixture was stirred at 500 rpm for 1 h at room temperature. Subsequently, 3.7 g of Amberlite XAD7HP resin (Sigma-Aldrich Co., Schnelldorf, Germany) was added on top of the plunger (see Figure 1 ), which had a mesh small enough to keep the okara and resin separated for later elution of the resin. The resin was then immersed in the liquid and the mixture was left stirring at 900 rpm overnight for adsorption. After the resin was removed, it was washed with Milli-Q water, and the wash water was kept for analysis. The washed resin was immersed into 96% ethanol (50% of the amount of water used for extraction), and the liquid was stirred for 3 h at 50 rpm. Samples for the determination of the solids content and for the isoflavone analysis were taken at each step during the entire process.
Isoflavone Analysis. Samples for isoflavone and solids determination were treated and analyzed as described by Jankowiak et al. 29 Acidified Milli-Q water and acetonitrile were used as eluents to separate the isoflavones on a Waters Atlantis dC18 column (3 μm, 2.1 mm × 150 mm). The detection wavelength was 254 nm.
■ RESULTS AND DISCUSSION
Many current processes comprise several steps and require more than one solvent. To contribute to the general aim of a more sustainable food production, the use of chemicals and solvents, energy, and the production of waste has to be limited or avoided. Optimized and simplified processes can be one way to achieve such goal. In this section, the process design and resulting process options based on the mentioned process synthesis methodology are described starting at the input− output level.
Input−Output. Evaporation and distillation are inefficient processes regarding energy use, as also shown in this case study. 28 Previous research on the suitability of different solvents for the extraction of isoflavones from okara led to the insight that (i) water as solvent can extract isoflavones reasonably well, with preference for the glycosidic forms of the isoflavones, which are naturally present in nonmodified soybeans. 31 However, water also leads to swelling of the okara matrix and can disperse or even solubilize other biopolymers with the isoflavones, such as the fibers and proteins, respectively. (ii) Ethanol is an especially good solvent for the aglycone form (a form, which is a result of a hydrolysis reaction during extraction of the soybeans with water) and prevents swelling of the matrix. However, the high viscosity and a possible glassy state of the okara matrix at low water content may inhibit the release of the isoflavones. A mixture of both solvents may solubilize all isoflavones, prevent extreme swelling of the matrix, and minimize the solubilization of other components such as sugars and peptides. We limited ourselves to ethanol and water as being the most nontoxic and food-grade polar solvents. However, using ethanol will imply the need for a process to remove the ethanol from the raffinate, for example by evaporation/distillation, may complicate the maintenance of safety around the process, and will induce an extra cost for using this solvent.
These disadvantages, and the theoretical and experimental indications that most of the isoflavones are at least somewhat water-soluble, led to further investigation of okara and its isoflavones in the pure water phase. 29 The experimental input will be further discussed in the following subsection (Task Networks and Mechanisms).
The input of the process is defined in more detail along the entire development of the process. The input stream (raw material) is obviously the byproduct okara. While this material in fact is highly structured, and contains many components, we will here limit its definition to the major components of okara ( Figure 2 ).
The quality and composition of the output depends on the type of solvent and the extraction procedure. It is often suggested that a higher purity may result in a higher economic value. However, this does not necessarily need to be the case. In a more conventional approach, the only optimization route aims at increasing yield and in the case of separation processes high purity. It is questionable whether high purity combined with high yield should be and can be the primary process aim in future processes, especially if the resulting byproducts have to be reduced or further upgraded. In the case of okara, this means that the residue has to be upgraded in a different manner. New objectives such as the sustainability of a process and products can lead to trade-offs in other objectives. To conclude, the information above suggests that three aspects of the optimal point of process design exist: (i) the purity of the product (fraction), (ii) the yield from the raw material, and (iii) the sustainability or environmental impact of the isolation process:
(i) The yield from the raw material is most important when the isolate has a very high value, and when it is important that the raw material has no residue afterward. In this case, the okara is a stream that does not have much value. All isoflavones that are recovered have value. Therefore, this value is proportional to the yield: to go from 90% recovery to 95%, only gives 5% increase in income. From a different perspective, to go from 90% to 95% recovery, the residual content in the feedstock has decreased by a factor two, implying a much more severe isolation process and subsequently much higher cost of isolation.
(ii) The product quality is closely coupled to the purity in this case. A product containing a lower purity and still containing protein and carbohydrates will have a lower value than an isolate with higher purity. However, for many applications (e.g., as food ingredient) very high purity is often not needed.
(iii) The sustainability of the process is relevant after the product is ensured to have the right specifications (good purity), and the process economics is reasonable. Therefore, the sustainability of the process is a target that is optimized when both the product purity and the yield are defined.
It is important to mention that optimizing those aspects has to be performed in an iterative way. Within each level of the methodology, several options are tested and reported, and decisions are made. A final decision allows moving to the next level. However, the method also implies retreating to an earlier level to refine or redefine decisions made earlier. In fact, the levels have to be dealt with also in an alternating way to achieve an optimal global solution. Previous work showed that water can be a feasible solvent for extraction. 29 It yields slightly less isoflavones, but leads to a more efficient extraction regarding sustainability of the process and a much more simplified process design. Furthermore, ethanol is 400 times more expensive than water. Therefore, substituting ethanol or other solvents 32−34 in the extraction step should automatically lead to a more economic process. Each level and iteration within the process development includes the very important economic evaluation. Knowing production rates of okara and its composition, a first rough economic evaluation for the business case could be done taking okara as the input and isoflavones (and their market value) as output. The evaluation showed that it will be difficult to make this a strong case by only recovering isoflavones. Isoflavone isolates have a certain market value, and if we assume that the okara does not have any value and has to be treated as waste, recovering valuable components such as isoflavones seems to represent a good business case. However, when okara can be valorized as animal feed, the economic analysis shows that it is only worth proceeding for the following two cases: first, isolation of isoflavones and purified proteins (as ingredients), and second, the isolation of isoflavones while leaving the rest intact for use as animal feed. The latter excludes the use of solvents that lead to residuals in the remaining material, and points in the direction of water as a solvent. This will generate maximum value when considering the creation of the isoflavone isolate without the loss of value of the okara. In general, it is essential that all fractions must be utilized to generate value when upgrading side streams. Isolating a valuable fraction while destroying the value of the rest will not result in a feasible processing system.
Task Networks and Mechanisms. After defining the input−output level, task networks were built based on several hypotheses (see, for example, the Theory section). Some selected task networks are shown in Figure 3 .
The first and simplest task network (Figure 3a) had to be defined further in more detail. Therefore, we developed sequences of possible tasks. At this stage, the most promising task networks are selected, along with a list of mechanisms needed to fulfill this task (an example is given in Figure 3c ). This is not a sequential procedure, but the process of building task networks and the evaluation of separation mechanisms is iterative, if necessary, with additional input from experimental work. Furthermore, the experimental exploration is also important for finding new and unexpected, and more sustainable processes.
Following the classical route, different ethanol−water fractions ranging from 0% to 90% (w/w) ethanol were tested as solvents for the extraction of isoflavones from crude and from dry okara. 16 An intermediate ethanol concentration (between 50% and 80% ethanol) gave the best extraction yield and purity of isoflavones in the extract. Nevertheless, the purity (isoflavones per dry weight extract) still did not exceed 1.4%, and further purification is required for a more concentrated isoflavone product that can be used for example as a health ingredient in food products. The evaluation of the different solvents for extraction gave information on the matrix, which means its swelling behavior, the affinities of the isoflavones toward the matrix, and the ability of other components to dissolve. The solubility of some of the isoflavone forms is lower in water than in ethanol or ethanol−water mixtures, which is a consequence of the finding that some types of okara have unnaturally high contents of aglycones, which is a consequence of the soymilk process.
The presence of those components explains why ethanol or aqueous ethanol is often considered as a preferred solvent. 35 However, a further analysis showed that one has to differentiate between the aglycones and glycosides, since their different natural structures, and therefore polarity and hydrophobicity, lead to their different extractive behavior. The aglycones have a much lower solubility in water than in ethanol, 16, 36 and the cosolubilization of other components makes aqueous ethanol the preferred solvent. However, after the extraction of the isoflavones from okara, they have to be isolated from the extract. A suitable mechanism to separate phenolic compounds such as isoflavones from a solvent mixture is using specific affinity (e.g., based on hydrophobicity). Therefore, the affinity of the different isoflavone groups to chromatographic resins depending on the solution they are dissolved in, was evaluated. 30 Isoflavone extracts produced with ethanol/water mixtures ranging from 0% to 80% ethanol were tested for their adsorption on different resins, and our assumption was confirmed that affinity toward a resin was the largest when the components are dissolved in water. This leads to the conclusion that, if including the isolation (adsorption) step, it is not optimal to use an ethanol-containing extractant. Water, being a relatively poor extractant, makes the subsequent isolation much easier. The holistic approach of including both steps points to a different optimal process design.
To summarize, when keeping further purification of the extract in mind, it could be concluded that each step has its own optimum conditions, which are not the best conditions for the overall process. For the extraction, an ethanol concentration of around 50% was optimal, but for isolation by adsorption, the water extract gives the most efficient process.
A trend in process design is toward the integration of process steps as it leads to simplification and often more efficient and economic processes. 8, 37 It is well-known that solvents are the most detrimental part to the efficiency of processes, since they tend to leave residues, and parts of them are often emitted to the environment. An isolation step, for example by chromato- graphic methods, is indispensable to reach highly purified isoflavones. Therefore, instead of optimizing both processes themselves, we evaluated the entire system and concluded that a water-based extraction could be integrated with the subsequent chromatographic purification. Solvents are an important factor determining the efficiency of a process, and evaporation of those solvents has to be reduced as much as possible. Therefore, unit operations such as extraction and adsorption should be integrated even though the optimal solvent for okara had not been equal to the optimal solvent for adsorption.
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The sustainability analysis of the extraction process, 28 the natural water-solubility of part of the present isoflavone forms, but mainly the requirement of integrating the subsequent processing step of purification in the overall design, lead to the conclusion that water should be used for extraction. Nevertheless, the water extract as described above is not suitable for a packed bed chromatographic process: the stream is a suspension of aggregates, mainly of proteins. Therefore, another way of combining extraction and adsorption was evaluated. The same task should be performed, but heuristics can be used to use more suitable mechanisms to do so. For example, we precipitated the proteins that are present in a water extract, but not in the ethanol extract, by lowering the pH to 4.5. As a result, the clarified extract is suitable for commonly used packed bed chromatographic processes.
Simplified Process Design. Commonly used adsorption processes for purification of minor components have an advantage over liquid−liquid extraction if it comes to (toxic) solvent use. As shown in the previous section, it is possible to purify the isoflavones present in okara with few processing steps, and relatively environmental-friendly solvents (the used mechanisms this process is based on are shown in Figure 3c ). However, preparing an extract with fully dissolved solids and isoflavones is at the expense of a lower isoflavone yield, would need separate processing steps, generate extra waste (for changing the pH), and could possibly lead to further dilution. Therefore, we used a reversed approach, and instead of preparing an extract for packed bed adsorption, we prepared the adsorption bed suitable for use with the unclarified extract to do the extraction and adsorption in one step. This can be done, following a similar approach of Zhang et al., 38 who used expanded bed adsorption for the recovery of a target compound from a herb suspension. Figure 4 shows the profile of isoflavones as extracted after 1 h with water at neutral pH. It can be assumed that all malonylglucosides, and most glucosides were extracted with water, but part of the aglycones will remain in the matrix. 29 However, with the amount of resin used, around 45% of glucosides (42%, 56%, and 42% of daidzin, glycetin, and genistin, respectively) and 35% malonyl-glucosides (32%, 36%, and 39% of malonyldaidzin, malonyl-glycetin, and malonyl-genistin, respectively) were adsorbed onto the resin. Most of these could desorb from the resin with 96% ethanol.
An interesting phenomenon was observed for the aglycones. The amount that was adsorbed onto the resin was calculated by the difference between the amount that was present after 1 h of extraction (before resin addition) and the amount present in the solution after adsorption onto the resin. The amount of aglycones in solution after adsorption to the resin was either in the same range as before adsorption, or even slightly higher. This may indicate that either no aglycones adsorbed or that further extraction from the matrix took place during to the adsorption. The presence of the aglycones in the desorbing solvent (Figure 4 ) confirmed the latter; more aglycones were released from the matrix during adsorption, and around 52% of aglycones (54%, 45%, 57% of daidzein, glycetein, and genistein, respectively) were desorbed. Therefore, the aglycones have a higher affinity to the adsorbent than to the matrix. The conclusion from this experiment is that it is possible to combine the extraction and the isolation steps into one single step: this avoids problems (e.g., fouling of a packed bed column), and maximizes the yield (by concurrent extraction). It should be mentioned that this is only possible by using a relatively poor solvent: a good solvent would not allow concurrent adsorption, as the isoflavones would remain in the solution. The presence of many other components in the system may reduce the capacity of the resin, resulting in an increased initial amount of resin. However, the resin can be reused and other advantages (e.g., no fouling of a column, increased yield, possible use of extracted okara as animal feed, and reduction of expensive solvents) may compensate for a possibly increased amount of resin. This experiment is a proof of concept that the mechanisms used in common unit operations can be used to make a complex system or process simple. Previously gained knowledge in this research 29, 30 about ionization of the components and their different behavior in water can now be used to optimize the process of a combined one-step separation.
After optimization of the process to achieve the maximum yield and desired purity, a final economic evaluation has to be done calculating whether the costs of the process (e.g., resin and water, and the recycling thereof) do not exceed the beforehand calculated economic potential. At this stage, one can only assume that the discussed consideration of okara as byproduct, and a process that uses a considerable smaller amount of solvents and fewer unit operations than conventional processes to produce isoflavones, make this process having economical potential. Though, the amount of resin necessary and its modification discussed below may be crucial.
At a low liquid-to-solid ratio, it should also be possible to extract all isoflavones, if simultaneous adsorption takes place; the solvent is only the carrier, but not the reservoir of the isoflavones. The already dissolved isoflavones adsorb, and the concentration in the water phase decreases, which allows further extraction, as is shown in Figure 4 with the aglycones. A similar approach has been recently suggested for the first time by Galvań D'Alessandro et al. 39 In our approach though, the byproduct does not need any pretreatment, and the adsorbent is fully integrated in the extraction system.
Accurate purity measurements are difficult to achieve due to a low concentration of solids remaining in the ethanol solution for desorption, but taking samples from the desorbing solution from three independent experiments, centrifuging, and measuring solid content resulted in a purity of 7.4 ± 1.6%, increasing the purity of the isoflavones almost 15 times in a single, unoptimized step. This shows that extraction and concentration is possible in one integrated simple step without many chemicals or resources. Such concentrations of isoflavones would already be acceptable for use as a food ingredient, but the system has great potential for further improvement, and the purity can very likely be increased to a great extent. For example, an increased yield may be obtained with an elevated starting pH, following a low pH for adsorption; however, this is at the cost of a more complex process, and of the additional chemicals needed to adjust the pH. Second, 96% ethanol was used here for the regeneration of the resin, but we expect that a lower ethanol concentration might be better. Third, an increased yield due to a larger amount of resin or higher porosity will also positively influence the purity.
The configuration proposed here is a combination of the first three tasks of the task network shown in Figure 3b . By avoiding thinking in unit operations or processing steps that have to be optimized in isolation, one can easier recognize where tasks can be combined and simplified. In this case, the separation process is altered by using an additional phase in the form of the resin, which is done in a form that does not require filtration. On the basis of the information gathered, this process can now be further optimized. As an example, the resin could be adapted to such a process, that is, it should be very porous for a high surface area, but should have a particle size that allows easy separation from the fibers. Alternatively, the resin particles can have a density that differs from the okara matrix to separate them by sedimentation. In addition, the previously gained detailed information on the traditional route will support the optimal design of the integrated extraction−adsorption. In the end, the revised task network comes very close to the first simple task network, which seemed unlikely at the beginning of the process design.
Evaluation of a Strategic/Holistic Approach. As described in the Theory section, the different isoflavone forms show different behavior, depending on their structure and the pH of the system. This and the previously shown advantages of using a holistic approach lead to the conclusion that the okara processing should not be seen in isolation from the soymilk production that precedes the okara processing. The fate of the isoflavones depends largely on the soymilk extraction process. 4041 Inactivation of the naturally present β-glucosidase, short processing times, and moderate temperatures prevent the hydrolysis of the naturally present glycosides of the soybeans into their respective aglycones or acetyl-forms. Because of the different behavior of aglycones and glycosides, further process design depends on the ratio and presence of those components in the okara matrix. One could even design the process of the primary product (soymilk) such that the primary product keeps or improves its consumer acceptance and the byproduct becomes more suitable for further processing and upgrading.
Thermodynamic understanding and quantitative models are crucial during process synthesis. In this case study, though, as in most food-related cases, okara has a highly structured matrix, the behavior of which is difficult to predict because of the many components interacting with each other. In addition, any external influence, be it pressure, temperature, pH, solvents, or other ingredients, can modify the behavior of each component and their interactive relation. Simple models describing a complex system and summarizing experimental data support the understanding of a complex system. 29, 42 The approach and effective solutions for a process synthesis problem can largely depend on the nature of the problem 9, 43 as also shown in this case. A separation process for ingredients requires a slightly different approach than building a food structure. The material structure and composition will determine the presence of thermodynamic (solubility or partitioning) or kinetic (diffusion) limitations, while tasks such as pasteurization or mixing are less important. Adapting process synthesis methodologies from the chemical sector to the food industry will need further adaptation, and requires experimental input, which should possibly be captured in thermodynamic and kinetic models to predict the complex behavior of the system. In case this is not possible, because of the structure and presence of multiple components in the byproduct, it is possible to describe the behavior with empirical models that give a relation between process conditions and extraction behavior.
The collected experimental data and more detailed knowledge on the system enable the revision of the specific levels, and thus prevent the premature fixation of a flow sheet. The use of such methodology greatly supports the creation of additional possibilities and new concepts that can be further explored. Besides, it supports an open mind for unexpected steps in the process design. The creation of tasks, not unit operations, promotes the holistic approach and simplification of the process since it eases their combination. However, the assignment of building task networks and flow sheets requires a team of experts and creativity to apply the so-called heuristics.
Compared to process optimization, process synthesis of a new process aiming at the development of new technologies is slightly more complex since not so many obvious heuristics may be present yet, which leads to the need of more experimental work. Nevertheless, such process synthesis methodology can facilitate the discovery of new process units and simpler processes and thus produces cheaper and more sustainable options. Besides, it directs future research questions to generate the relevant knowledge and point out the heuristics needed to complete the process design. The theoretical construction of task networks in combination with theoretical and empirical models and experimental experience with a system support the open-minded thinking process.
■ CONCLUSION
Process synthesis methodologies are commonly used to design processes in the chemical industry systematically, but there is no clear strategy fully developed for the food industry. In this work, the strategic design of a new process for the production of isoflavones from the byproduct okara is described.
The use of the process synthesis methodology allowed the generation of feasible alternatives for processing the okara with a focus on more sustainable processing. In this case, the traditional choice of an ethanol−water mixture for the extraction of isoflavones from the okara was shown to be suboptimal for the subsequent isolation step by affinity-based adsorption of the isoflavones to a resin.
The traditional choice of an adsorptive system in the form of a packed bed was shown to be suboptimal as well, when it involves different solvents and necessitates extra polishing steps.
A combined, one-pot extraction and isolation (adsorption) step led not only to the elimination of these problems, but also to an increased extraction yield.
Thus, while the isolated consideration of each process step leads to choices that are not optimal in the next steps, considering the overall system on the level of general transformations, leads to different, globally optimal choices and in this case an even simplified processing system.
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